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Abstract 

Fire-exclusion and changing climatic conditions are increasing the area burned and the size of 
high-severity burn patches in historically frequent-fire forests.  In the southwestern US, distance 
to seed source and hot, dry conditions in high-severity patches is limiting tree regeneration.  
While post-fire tree planting can overcome dispersal limitations, high planted seedling mortality 
rates are common in the southwest.  Microclimatic conditions are influential on tree seedling 
survival and can vary as a function of topography and vegetation cover type.  We sought to 
determine how planted seedling survival and growth would vary as a function of aspect and 
vegetation cover type in the footprint of the 2011 Las Conchas Fire in northern New Mexico.  
We also sought to determine how the probability of fire would influence landscape successional 
development. To quantify the effects of aspect and cover type on seedling survival and growth, 
we planted ponderosa pine and Douglas-fir seedlings by aspect (north vs south) and cover type 
(open, under shrub) in a full factorial design.  To quantify the effects of fire probability on 
landscape successional development, we used a simulation model to test the sensitivity of the 
system to increasing fire probability.  We found that topographic wetness index and topographic 
roughness index were good predictors of both survival and growth.  We also found that 
increasing fire probability can prevent the establishment of tree seedlings following high-severity 
wildfire, causing the transition from forest to non-forest to be reinforced.  
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Objectives 
Fire exclusion in the dry forests of the western US has created homogenous landscapes of 

continuous forest canopy and fuels (Fulé et al. 1997, North et al. 2007).  When these conditions 
are coupled with climate-driven increases in wildfire size, the landscape is increasingly 
characterized by large patches of homogenous fire severity; this combination results in large areas 
of uniform post-fire vegetation composition (Miller et al. 2009, Westerling et al. 2011, Collins and 
Roller 2013, Singleton et al. 2019). Large areas of high severity fire can transition the landscape 
to a non-forested condition and these post-fire outcomes can be further reinforced by subsequent 
burning.  The severity of a second wildfire at a given location is correlated with fire severity during 
the initial wildfire (Coppoletta et al. 2016, Holden et al. 2010) and subsequent high severity fire 
can reinforce the non-forested condition (Coop et al.2016).   

Natural post-fire plant community development can both facilitate tree seedling 
establishment by buffering climatic conditions and impede tree seedling establishment by serving 
as a fuel source for subsequent fires (Gomez-Aparicio et al. 2005, McGinnis et al. 2010).  
Understanding how post-fire revegetation efforts interact with natural post-fire plant establishment 
is central to effectively deploying scarce resources in landscapes increasingly impacted by large, 
hot fires.  To identify effective post-fire landscape management options, we conducted a field 
experiment to improve our understanding of planted seedling establishment in severely burned 
landscapes and ran simulations to model post-fire landscape successional trajectories.   

Background 
In the southwestern US, post-fire plant community development coupled with climatic 

conditions that are more conducive to burning result in a relatively short window where a recently 
burned area is effective at limiting subsequent fire spread (Parks et al. 2015).  Coupled with the 
reinforced non-forested condition that follows with subsequent burning, this short post-burn 
window presents a challenge for managers as they attempt to re-forest large, high-severity burn 
patches.  Increasing temperature and high interannual precipitation variability further exacerbate 
this management challenge.  These climate factors heavily influence post-fire seedling success 
rates in the near-term (1-2 years, Savage et al. 2013) and planting success is dependent on a fire-
free period for seedlings to achieve a size class sufficient to survive subsequent burning.   

Part of the challenge of reforesting severely burned sites is that the post-fire landscape is 
characterized by increased temperature and lowered relative humidity, conditions that are nearly 
always stressful and often lethal to planted seedlings. Naturally establishing vegetation, such as 
shrubs, may provide a microclimatic buffer that facilitates planted seedling establishment.  The 
buffering effect of shrub canopy shading has been shown to facilitate tree seedling establishment 
in Mediterranean systems (Gomez-Aparicio et al. 2005). Yet, there is also evidence that 
demonstrates competition for water between shrubs and seedlings, which can impede 
establishment (Plamboeck et al. 2008).  Interspecific interactions can change and the potential 
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exists for a transition from facilitation of seedling establishment by shrubs modifying the 
microclimate to competition with shrubs for light and water (Holmgren et al. 1997, Sthultz et al. 
2007).  These microclimatic effects may be further enhanced on hill slopes with north facing 
aspects, where reduced solar insolation lowers the evaporative demand from the atmosphere, 
resulting in greater moisture availability relative to south facing slopes (e.g., Geroy et al. 2011).  
Furthermore, shrubs also serve as a fuel source for subsequent burning and the fire intensity from 
burning shrubs can be lethal for establishing trees for 20 years following planting (McGinnis et al. 
2010).  Thus, the efficacy of shrubs as a facilitator of planted seedling establishment may be limited 
by both the competitive interaction for water and the shrubs contribution to creating a continuous 
fuel layer.  Better understanding of the role of shrubs in buffering microclimate and their 
contribution to fire risk for seedlings is central to projecting post-fire forest development and 
identifying post-fire management strategies that will improve re-forestation efforts. 

Materials and Methods 
 We used a combination of field experiments and simulation modeling to answer the 
following questions: 1) How does post-fire vegetation community type modify microclimate and 
influence seedling survival rate?; 2) What combination of post-fire vegetation community, 
edaphic, and topographic conditions yields the highest seedling survival rates?; 3) How does 
post-fire vegetation community type alter the fire-free time interval required to increase planted 
tree survivorship during a re-burn?; 4) How do these factors alter the forest recovery trajectory 
across the landscape?   

We chose the footprint of the Las 
Conchas fire on the east flank of the 
Jemez Mountains in northern New 
Mexico as our study location because it 
burned across US Forest Service, 
National Park Service and tribal lands, 
exhibited extreme fire behavior, and 
burned through vegetation ranging from 
juniper woodlands at the lowest 
elevations to mixed-conifer forest at the 
highest elevations (Fig. 1).  The Las 
Conchas fire also re-burned portions of 
three previous wildfires.   

We planted 200 seedlings of 
Douglas-fir (Pseudotsuga menziesii) and 
ponderosa pine (Pinus ponderosa) 
stratified by aspect (Moist [NW, N, NE] and Dry [SW, S, SE]) and post-fire vegetation patch 
(shrub and grass). We measured measure temperature and relative humidity using iButton sensors 
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during the growing season.  We also installed weather stations to measure common meteorological 
variables and soil moisture and soil temperature in both shrub and grass patches. We measured 
seedling basal diameter and height at the start and end of each growing season and conducted 
monthly growing season tallies of live/dead status during the first two growing seasons.  Seedlings 
were planted during fall 2016. 

We used ibutton and weather station data to calculate a range of summary meteorological 
variables and we calculated a range of topographic variables using USGS DEM data.  We analyzed 
seedling survival using logistic regression to quantify the contribution of each of the predictor 
variables to explaining variability in survival.  Prior to performing analyses, we develop a set of 
predictor variables that included both topographic and meteorological variables. We ran model 
selection procedures for topographic variable only models to evaluate the effects of topography on 
survival in isolation of meteorological variables.  Prior to running model selection procedures on 
models that included topographic and meteorological variables, we ran single predictor logistic 
regressions.  We carried forward variables that explained at least 1% of the variability. We 
modeled seedling growth using linear models to predict growth as a function of topographic 
indices.  We included elevation, heat load, topographic roughness index, and topographic wetness 
index, and log transformed values of each predictor to model ponderosa pine and Douglas-fir 
height.  We performed statistical analyses in R using the MuMIn package (R Core Team 2019, 
Bartoń 2020).  

To run simulations of the landscape, we used the landscape disturbance and succession 
simulation model LANDIS-II to simulate vegetation dynamics (Scheller et al. 2011).  Two 
extensions to the model, PnET Succession and Dynamic Fire and Fuels, provide the capacity to 
simulate changing climate and fire frequency (Scheller et al. 2011, de Bruijn et al. 2014).  The 
PnET Succession extension is based on the PnET ecophysiology model and uses species-specific 
parameters, soil characteristics, and climate to simulate carbon and nitrogen dynamics that 
influence vegetation change.  The Dynamic Fire and Fuels extension is based on the Canadian Fire 
Prediction System and uses spread equations from Finney (2002).  Fire behavior is determined by 
weather, topography, and fuels.  This extension provides the tools necessary to simulate a range 
of fire characteristics, including altering ignition probabilities and fire size distributions. As part 
of this project, we parameterized and validated the model for southwestern forest types (Remy et 
al. 2019). To quantify the effects of fire on landscape development, we ran a simulation experiment 
that included three different ignition probabilities.  The simulation experiment is described in detail 
in Keyser et al. (2020). 

Results and Discussion 
 Overall seedling survival was higher for ponderosa pine (25.5%) than for Douglas-fir 
(9.8%) after three growing seasons.  Models that included only topographic variables explained 
17% of the variability in survival for ponderosa pine and 20% for Douglas-fir (Tables 1, 2). The 
three best ponderosa pine survival models all included topographic roughness index, slope and 
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topographic wetness index (Table 1).  The positive relationship between survival and 
topographic roughness and wetness indicates that ponderosa pine survival was higher in areas 
that had increased topographic complexity and in areas of the landscape that tend to accumulate 
water. The best Douglas-fir survival model included all topographic predictor variables (Table 
2).  Similar to ponderosa pine, more topographically complex areas and areas that accumulate 
water had higher Douglas-fir survival. While the Douglas-fir model did have a negative 
relationship with elevation, our plots only differed by 195 m in elevation.     

Table 1 The five logistic models with the lowest ΔAICc for ponderosa pine three-year survival 
using only topographic predictor variables. 

Intercept Elevation Heat 
Load 

Topographic 
Roughness 

Slope Topographic 
Index 

Topographic 
Wetness 

R2 AICc ΔAICc 

-6.94 - - 29.14 -3.10 - 0.83 0.170 190.43 0 
-12.72 - - 29.74 -3.18 0.005 0.75 0.173 191.91 1.47 
-12.71 0.002 - 29.74 -3.18 - 0.75 0.173 191.92 1.48 
-6.81 - -0.16 28.96 -3.08 - 0.83 0.170 192.53 2.09 
-15.30 -1.94 - 31.95 -3.42 4.05 0.78 0.175 193.43 2.99 

     

Table 2 The three best logistic models of Douglas-fir three-year survival using only topographic 
predictor variables. 

Intercept Elevation Heat 
Load 

Topographic 
Roughness 

Slope Topographic 
Index 

Topographic 
Wetness 

R2 AICc ΔAICc 

-69.42 -20.65 8.50 69.28 -7.45 43.06 1.15 0.209 93.42 0 
-64.66 -16.16 5.59 69.15 -7.57 33.73 - 0.185 96.9 3.47 
-42.469 -10.37 - 43.69 -4.68 21.65 - 0.166 99.21 5.78 

 

When evaluating three-year survival models that included both topographic and meteorological 
predictor variables, we were able to explain 32% of the variability in ponderosa pine survival and 
31% in Douglas-fir survival (Tables 3, 4).   The meteorological variables that were consistent 
across the best ponderosa pine three-year survival models included: water year 1 (WY1) spring 
cumulative climatic water balance (CWB), WY1 total spring precipitation, spring mean daily 
maximum vapor pressure deficit (VPD), and WY2 spring CWB (Table 3).  There were 28 
models within ΔAICc = 2 of the best model.  We only present the five lowest AICc models 
because the common predictors were common across all of the models within ΔAICc = 2 of the 
best model.     

 

 

Table 3 The five logistic models with the lowest ΔAICc for ponderosa pine three-year survival 
using topographic and meteorological predictor variables. CWB is climatic water balance (mm), 
Dry Days is the number of days between the last winter precipitation event and the first monsoon 
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precipitation event. Mean VPD is the mean over the season and max VPD is the mean of daily 
maximum values over the season. 

 Model 1 Model 2 Model 3 Model 4 Model 5 
Intercept 26.46 35.26 12.12 12.12 30.19 
Elevation - - 0.007 - - 
Heat Load - - - - - 
Topographic 
Roughness 

50.35 48.89 50.46 50.46 47.43 

Slope -5.81 -5.66 -5.84 -5.84 -5.49 
Topographic 
Index 

- - - 0.01 - 

Topographic 
Wetness 

1.16 1.26 1.06 1.06 1.29 

WY1 Spring 
CWB 

0.23 0.27 0.29 0.29 0.26 

WY1 Summer 
CWB 

- - - - - 

WY1 Dry 
Days 

- -0.01 - - - 

WY1 Spring 
PPT 

-0.29 -0.34 -0.35 -0.35 -0.33 

WY1 Spring 
max VPD 

-0.51 -0.52 -0.47 -0.47 -0.45 

WY1 Summer 
PPT 

- - - - - 

WY1 Winter 
PPT 

- - - - - 

WY2 Spring 
CWB 

-0.18 -0.21 -0.24 -0.24 -0.20 

WY2 Summer 
CWB 

- - - - - 

WY2 Dry 
Days 

- - - - 0.01 

R2 0.322 0.329 0.328 0.328 0.328 
AICc 160.08 160.33 160.49 160.49 160.61 
ΔAICc 0 0.250 0.409 0.413 0.530 

 

 

 

 

 

Table 4 The five logistic models with the lowest ΔAICc for Douglas-fir three-year survival using 
topographic and meteorological predictor variables. CWB is climatic water balance (mm), Dry 
Days is the number of days between the last winter precipitation event and the first monsoon 
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precipitation event. Mean VPD is the mean over the season and max VPD is the mean of daily 
maximum values over the season. 

 Model 1 Model 2 Model 3 Model 4 Model 5 
Intercept 25994.49 16583.12 16561.27 20891.94 19501.84 
Elevation -16.94 - 0.72 - 0.86 
Heat Load - - - - - 
Topographic 
Roughness 

246.66 195.51 196.29 199.32 188.94 

Slope -24.53 -19.67 -19.75 -19.74 -18.73 
Topographic 
Index 

37.81 1.52 - 1.94 - 

Topographic 
Wetness 

- - - - - 

WY1 Spring 
CWB 

601.91 382.82 382.13 482.59 450.44 

WY1 Summer 
CWB 

- - - - - 

WY1 Dry 
Days 

9.54 6.05 6.03 7.66 7.15 

WY1 Spring 
PPT 

-625.66 -397.65 -396.96 -501.43 -467.99 

WY1 Summer 
mean VPD 

- -3.70 -3.85 - - 

WY1 Summer 
VPD max 

- - - -0.95 -1.00 

WY2 Spring 
CWB 

-558.98 -355.63 -354.99 -448.24 -418.40 

WY2 Summer 
CWB 

70.69 45.02 44.95 56.72 52.94 

WY1 Dry 
Days 

22.74 14.38 14.35 18.19 16.97 

R2 0.313 0.312 0.312 0.311 0.310 
AICc 75.06 75.46 75.50 75.84 75.95 
ΔAICc 0 0.40 0.44 0.78 0.88 
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Figure 2: Distributions of change in basal diameter (Dia) and height (Ht) over three growing 
seasons for ponderosa pine (PIPO) and Douglas-fir (PSME).  The different strata are 
combinations of north (N) and south (S) aspect and under shrub cover (S) or in the open (O). 
 

We evaluated differences in basal diameter and height over the three growing seasons and found 
that the largest differences between treatments was in height for both species (Figure 2). Given 
the variability in height growth, we modeled height growth as a function of a range of 
topographic indices and their log-transformed equivalents.  Models within ΔAICc = 2 of the best 
ponderosa pine height growth model explained 49.8-53.1% of the variability in height growth 
(Table 5).  The only predictor variable that was in all but one of the best models was log-
transformed topographic wetness index and the untransformed predictor was present in the other 
model (Table 5). These results indicate that there is a strong positive relationship between height 
growth and areas on the landscape that accumulate water.      
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Table 5 The five linear models with the lowest ΔAICc for ponderosa pine three-year growth 
using topographic predictor variables. 

 Model 1 Model 2 Model 3 Model 4 Model 5 
Intercept 5.36 54730.36 -18.65 53342.6 5.08 
Elevation -29.75 - -29.01 - -29.24 
Heat load - - - - - 
Log(elevation - -74183.6 - -72367.9 - 
Log(heat load) - - - - - 
Log(topographic 
roughness) 

- - - - - 

Log(slope) - - 12.19 12.18 - 
Log(topographic 
index) 

- 74138.32 - 72327.73 - 

Log(topographic 
wetness index) 

26.33 26.50 28.50 28.65 25.71 

Topographic 
roughness 

- - - - 9.86 

Slope 1.13 1.13 - - - 
Topographic 
index 

61.95 - 60.39 - 62.13 

Topographic 
wetness index 

- - - - - 

R2 0.519 0.518 0.516 0.515 0.514 
AICc 305.90 306.04 306.20 306.32 306.37 
ΔAICc 0 0.14 0.29 0.42 0.47 

 

Models within ΔAICc = 2 of the best Douglas-fir height growth model explained 59.2-68.7% of 
the variability in height growth (Table 6). Unlike ponderosa pine, topographic wetness index was 
not included in any of the best models.  The five best models all included topographic roughness 
and slope or the log-transformed versions of those variables. 
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Table 6 The five linear models with the lowest ΔAICc for Douglas-fir three-year growth using 
topographic predictor variables. 

 Model 1 Model 2 Model 3 Model 4 Model 5 
Intercept 82.32 -46.08 -1.11 1622.30 1653.64 
Elevation - - - - - 
Heat load - 47.72 - 42.16 - 
Log(elevation) - - - - - 
Log(heat load) - - 32.43 - 28.65 
Log(topographic 
roughness) 

- - - 783.71 780.07 

Log(slope) -65.26 - - -760.62 -756.54 
Log(topographic 
index) 

- - - - - 

Log(topographic 
wetness) 

- - - - - 

Topographic 
roughness 

58.87 467.56 464.40 - - 

Slope - -51.65 -51.23 - - 
Topographic 
index 

- - - - - 

Topographic 
wetness 

- - - - - 

R2 .591 0.687 0.680 0.673 0.665 
AICc 103.63 103.71 104.05 104.44 104.81 
ΔAICc 0 0.08 0.42 0.80 1.18 
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The results from the planting experiment suggest 
that we can improve the probability of survival by 
leveraging portions of the landscape where 
roughness is high and that are likely to accumulate 
water.  We did not find that the cover of New 
Mexico locust was sufficient to buffer the 
microclimate and increase seedling survival.  
However, New Mexico locust has a lower specific 
leaf area than the other common post-fire shrub in 
this system, Gambel oak, and quantify the 
influence of Gambel oak on the below-shrub 
microclimate warrants investigation (Figure 3, 
Krofcheck et al. 2019).   

The same predictors, topographic wetness index 
for ponderosa pine and topographic roughness 
index for Douglas-fir were important for modeling 
height growth.  The survival and height growth 
results combined suggest that by leveraging 
locations in the post-burn environment that have 
high topographic roughness and accumulate water could facilitate establishing patches of tree 
regeneration that will serve as seed sources for surrounding areas. 

 

 

 

 
Figure 3: Quercus gambelii (left) and 
Robinia neomexicana (right) leaves 
exhibiting morphology typical for each 
species in the Jemez Mountains. Figure 
from Krofcheck et al. (2019). 
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In this fire-prone system, seedling 
survival and growth is only part of the 
challenge for re-establishing forest 
following stand-replacing wildfire.  We 
evaluated the effect of fire probability 
on the landscape successional trajectory 
for the Las Conchas Fire footprint. The 
three scenarios included a low 
probability of fire based on recent 
empirical fire occurrence data, a high 
probability of fire based on the historic 
mean fire return interval for this system, 
and a medium probability based on the 
average of the low and high values.  Our 
results show that the successional 
development of the system is sensitive 
to the frequency of fire events, with the 
probability that the majority of the 
aboveground biomass is composed of 
resprouting species increasing 
substantially as the probability of fire 
increased (Figure 4, Keyser et al. 2020). 

Increasing fire frequency reduced the proportion of the landscape that was occupied by young 
conifer (primarily ponderosa pine and Douglas-fir) and by young pinyon-juniper (Figure 5, 
Keyser et al. 2020).  These results suggest that, following high-severity wildfire, an increase in 
the probability of fire could reinforce the conversion to shrub and grassland, impeding the 
successional development of forest. 

 

Figure 4: The distribution of probability that 
aboveground biomass of aspen, Gambel oak, and 
alligator juniper is greater than 50% of the total 
biomass for the low, medium, and high fire 
probability scenarios at the end of the simulation 
period.  Figure from Keyser et al. (2020). 
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Figure 5: The distribution of fuel types across the landscape by the number of simulated fire 
events for the low, medium, and high fire probability scenarios.  The labels identify the 
midpoints of fire count bins.  The PJ bin includes the fuel type for pinyon-juniper; the conifer 
bin includes all other conifer fuels; the resprouter bin includes aspen and Gambel oak.  The 
young conifer (< 11 years) and young PJ (< 21 years) correspond to the youngest group in 
each fuel type.  The open fuel type is the equivalent of an herbaceous fuel layer and can 
include seedlings if present on the site.  Figure from Keyser et al. (2020). 
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Conclusions and Implications for Management and Future Research 
The interaction between high-severity fire and ongoing climate change is increasing the 
probability of conversion from forest to non-forest vegetation types (Coop et al. 2020).  This is in 
part driven by long distances to seed source and hotter, drier conditions following stand-
replacing wildfire.  Planted seedling survival can overcome the dispersal distance limitation, but 
planted seedlings will also be challenged by the hotter, drier post-fire conditions.  Our results 
indicate that we can leverage landscape position to increase the probability of survival and height 
growth.  Accomplishing higher planted seedling survival and faster height growth for ponderosa 
pine and Douglas-fir in the southwestern US will require targeting areas of increased topographic 
wetness and increased topographic roughness.  Targeting post-fire planting efforts to these areas 
will help increase the chance that we are able to establish tree clusters in large high-severity burn 
patches that can serve as seed sources once they mature.   

The challenge to achieving establishment of tree clusters in large high-severity patches will be 
the chance that subsequent fire causes tree mortality.  Our simulation results suggest that 
establishing trees will require at least ten fire-free years after planting.  However, as our height 
growth results indicate, the fire-free period required to ensure seedling survival is going to vary 
as a function of how quickly seedlings grow at a given location.  Given the low seedling survival 
rates in southwestern post-fire landscapes, our results suggest that rather than widespread 
planting efforts across all formerly forested areas, planting should be focused in topographic 
positions that are likely to increase both the probability of survival and growth.  Given the 
sensitivity of young trees to fire, establishing tree clusters in large high-severity burn patches 
will likely require efforts to exclude fire from planted areas until the trees are of sufficient size to 
survive.  The size required to survive fire will in-part be determined by the surrounding fuels, 
with larger sizes being required to survive fire in shrub fuels than in herbaceous fuels.   

Our research points toward two areas in need of additional research: 1) a better understanding of 
how shrubs modify microclimate and 2) the influence of soil characteristics on seedling survival 
and growth.  While we did not find an influence of New Mexico locust on planted seedling 
survival, the different architecture of other species, such as Gambel oak, may be more influential 
for modifying microclimate and influencing survival rates (Krofcheck et al. 2019).  This will 
require both a characterization of the below canopy environment and experimental planting to 
determine if the survival rates are higher.  The other aspect is the role of soils on planted seedling 
survival and growth.  We did not control for soil type in our study, but differences in survival 
and growth between some of our planting locations that happened to be on pumice derived soils 
indicate that the influence of soil type is worthy of additional investigation.  Given the positive 
correlation between topographic wetness index and ponderosa pine survival, soil water holding 
capacity could be an important predictor variable. 
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